The acid-induced loosening of cell walls of Valonia ventncosa has been compared to that of frozen-thawed oat coleoptiles. The In coleoptiles and stems, cell enlargement is stimulated by hormones, primarily auxins and gibberellins. One current hypothesis explaining the mechanism of auxin-induced cell enlargement is the acid growth hypothesis, which postulates that auxin induces the secretion of H+ ions into the cell wall space, and that the resulting acidification of the wall activates wall-loosening enzymes (4, 15). Evidence for the acid growth hypothesis comes primarily from work on the elongation of oat coleoptiles and pea internodes (17). Acid-induced wall loosening has also been implicated in gibberellin-induced elongation ofoat internodes (5), the cytokinininduced expansion of cotyledons and leaves (8), and the lightinduced expansion of bean leaves (20) . An in vitro acid-induced wall-loosening response at somewhat lower pH has been found in Nitella, a freshwater green alga (10, 11, 21) .
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It is possible that acid-induced wall loosening is involved in the control of cell enlargement in all plants and that all cell walls can undergo the same type of acid-induced wall loosening. Rather is of special interest since its cell expands isodiametrically, while most of the acid-induced wall-loosening systems studied so far are cases of cell elongation. The experiments described in this paper were designed to explore the similarities and differences in the in vitro acid responses of Valonia and oat coleoptile cell walls, with the objective of determining whether they occur by the same or different mechanisms.
MATERIALS AND METHODS
A unialgal isolate of the marine green alga, V ventricosa J. Ag (13) .
Valonia cells greater than 1.5 cm in diameter, which had formed aplanospores, were selected for isolation of walls. Since the microfibrils of the Valonia wall all converge toward the apical and basal poles of the cell (12), care was taken always to cut equatorial strips of wall, so that within each set the microfibril orientation would be constant.
The cells were first punctured with fine forceps beside the prominent tuft of rhizoids at the basal pole of the cell, which released the cell contents. Then the apical and basal ends of the cell were cut off with scissors. The resulting wide equatorial strip was carefully rinsed to remove adhering aplanospores and then cut down to four to six smaller strips (3 x 10 mm) depending on the size of the cell. For storage the sections were either air-dried onto glass slides or frozen. Peeled, frozen-thawed oat coleoptiles were prepared as reported by Cleland (2) .
In vitro acid-induced extension of cell wall sections under constant tension was measured with the creep apparatus described by Rayle and Cleland (16) . In all experiments a tension of 10 g was applied. Tris-Mes buffers ( (1) .
RESULTS
The cell walls of all rapidly growing higher plant tissues which have been tested so far are loosened by acid treatment (17, 19) . Our first experiment with Valonia was to determine if its walls respond in a similar manner. Figure 1 shows a typical time course for the in vitro acid-induced extension of a strip of Valonia wall; at the arrow the pH was changed from 6.5 to 4.0. When the pH was lowered the extension rate increases rapidly, reaching a maximum with a lag of less than 30 s after which the rate decreases until the response is exhausted after 30 to 40 min, with a total change in length of 5 to 10%7. The inset of Figure 1 shows the acid extension response of both isolated Valonia walls and oat coleoptiles. In comparison, the acid extension response in frozen-thawed oat coleoptiles is of longer duration (3-4 h) and of greater magnitude (30-50%o increase in length) (18) . A more detailed analysis of the shape of these curves will appear separately.
Since Valonia walls are loosened by acid, the next step is to compare this response in detail to that found in oat coleoptiles. The first parameter to compare is the pH dependence of the initial rate of acid-induced extension, which is shown for both Valonia and oat coleoptiles in Figure 2 . The two curves are similar in shape, although different from the curves published previously for oat coleoptiles (14, 17) in that they show no plateau at pH values below 4. The difference may be due to the use in the earlier coleoptile studies of a greater applied force (20 g versus 10 g) or the greater time period between addition of acid and the measurement of the extension rate (5-30 min versus 0-2 min). Nitella, in contrast, only shows a good acid response at pH 3.5 or lower (10, 21) .
The acid-induced extension of Valonia walls is completely inhibited by 10 mm CaCl2; similar inhibition has been found in Nitella and oat coleoptiles (3, 10) . In Valonia 10 mm MnCl2 was found to be equally inhibitory, while 10 mM MgCl2 had no effect. partial wall loosening (10), 10 mm KCI had no effect on Valonia walls at pH 6.5 (data not shown).
Acid-induced extension of oat coleoptiles stops when the acid solution is replaced by one at neutral pH (18) . In similar experiments with Valonia walls, when an acid extension response is interrupted by a treatment at pH 7.0, the extension stops rapidly, with a lag of less than 30 s (Fig. 3) . When the pH is changed back to 4.0, the acid response is renewed with equal rapidity. This demonstrates that the H+ ions are not simply acting as a trigger; they must be present continuously for wall loosening to occur. With intact or peeled, frozen-thawed oat coleoptiles, the acid response declines more gradually. In order to test whether this may be due to the time required for the new solution to penetrate the tissue, we have performed similar experiments on frozenthawed strips of oat coleoptiles. In this case penetration should be quite rapid. Epidermal strips under 5 g tension respond to a pH 4.0 treatment with a lag of less than 30 s (Fig. 3) . When the buffer was changed from 4.0 back to 7.0 the acid response decayed gradually over the next 5 min. This delay is probably not due to slow penetration, and could be attributed to a slight delay between acid-induced bond breakage and the increment of extension that each bond breakage permits.
To examine whether tension must be applied during the acid treatment for wall loosening to occur, creep experiments were performed on both Valonia walls and peeled frozen-thawed oat coleoptiles (Fig. 4) . After an initial period of incubation under tension in pH 7.0 buffer, the tension was removed. Then the sections were treated with pH 4.0 buffer without tension for a period of time (30 min for Valonia and 60 min for coleoptiles) which would normally be sufficient to give a good acid response. The acid buffers were then rinsed out and replaced by one at pH 7.0 and the tension reapplied. As shown in the upper curve of Figure 4A , the Valonia walls which were acid-treated without tension extended immediately when the tension was reapplied, 80%o of the total extension occurred within the first 30 s; this is much more rapid than the normal acid response in Valonia (Fig.  1) Figure 6B shows a similar experiment with peeled, frozen-thawed oat coleoptiles. As Boiling in methanol inactivates acid-induced wall loosening in oat coleoptiles (Cleland, unpublished data); in contrast, a 15-min pretreatment in boiling methanol had almost no effect on the acid response in Valonia walls (data not shown).
In oat coleoptiles, the in vivo acid-induced growth response is accompanied by an increase in wall plasticity, as measured by the Instron (15) . Figure 7 shows the effect of incubation at 7.0, 6.5, or 6.0 on the extensibility of Valonia walls. The Dp increases with lower pH, while the De shows little or no change. The increase in Dp is completely inhibited by 10 mm CaCl2. It should be noted that this loosening response in Valonia occurs in sections that are not under tension. This curve does not go below pH 6.0 since all of the strips of Valonia wall that were treated at lower pH broke in the Instron, due to even greater wall loosening under these conditions. For comparison with our Valonia Instron data, peeled frozenthawed oat coleoptiles were incubated for 2 h in buffer at pH 7.0 or 4.0, or 10 mm EDTA titrated to pH 7.0. With this long incubation there was a 40%o increase in the plastic compliance of the coleoptiles incubated at pH 4.0, while those incubated at pH 7.0 were not loosened (Fig. 8) . The sections incubated in EDTA showed a 25% increase in plasticity. The acid-induced wall loosening shown here is much less than that found with sections under tension, where a 100%o increase in plasticity usually occurs (15) . None of the treatments had a significant effect on the elastic compliance of thTe walls. These Instron results with oat coleoptiles might appear to be incompatible with those in Figure 4B, Several interesting differences have also been observed. The most immediately apparent differences concern the size of the response. In Valonia the maximum extension rate is much higher than in oat coleoptiles, while the duration of the response in Valonia and the total extension that occurs is much less (Fig. 1,  inset Figure 4A shows that acid can induce wall loosening in Valonia in the absence of tension. As previously noted, the extension that occurs when tension is reapplied after acid treatment without tension is much more rapid than the normal response. This suggests very strongly that in the normal response (as in Fig. 1 (19) . Or, as proposed recently by Kauss and Glazer (6), displacement of Ca2" from a cell wall lectin could inactivate its binding to specific sugars in the wall. Either of these changes could lead to wall loosening. Another alternative is that low pH causes wall loosening by disrupting hydrogen bonds (7) . A third possibility is that wall loosening is an enzymic process, in which the enzymes have a low pH optimum (4, 15) .
Our results with Valonia are most consistent with the first of these hypothetical mechanisms. The fact that the presence of Ca2" ions can prevent acid-induced wall loosening in Valonia, and particularly that EDTA seems to have the same effect as low pH, suggests that perhaps the acid response in Valonia is due to the displacement ofcations from the wall, rather than to the activation of wall loosening by low pH itself. This fits directly into the proposed mehanisms in which cation displacement leads to wall loosening by changing the conformation of a structural component of the wall. For the second proposed mechanism, if hydrogen bonds are involved in wall loosening, one would expect treatments which are known to disrupt hydrogen bonds to cause wall loosening; the experiments with 8 M urea at pH 7.0 (Fig. 6) showed very slight wall loosening by this treatment. It would be particularly important to know if wall proteins are required for acidinduced loosening in Valonia as is the case in oat coleoptiles (Rayle and Cleland, 1972) . Our initial attempts to answer this question have been frustrated by the apparent inaccessibility of Valonia walls to proteolytic digestion. It seems unlikely that acidinduced wall loosening in Valonia is enzyme-mediated. The ability of the acid response to occur after boiling in methanol or in the presence of 8 M urea, which should disrupt all weak electrostatic interactions (such as between enzyme and substrate), makes an enzymic mechanism unlikely.
The wall-loosening response in oat coleoptiles is somewhat different from Valonia and appears to be more complex. Conditions which in Valonia produce a complete wall-loosening response (acid without tension or EDTA), in coleoptiles produce only a partial one. The response of coleoptile walls to EDTA indicates that at least part of the wall-loosening response is due to cation displacement and now to low pH per se. This partial response may resemble wall loosening in Valonia. On the other hand, the larger part of possible wall loosening in coleoptiles does not occur in response to EDTA. Presumably this part of acidinduced wall loosening in oat coleoptiles is by some other mechanism, in which low pH itself is the important factor rather than cation displacement. As already mentioned, this may well involve the activation of pH-sensitive wall-loosening enzymes.
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